
-- NASA TECHNICAL NOTE N A S A  TN D-4675­-

PERFORMANCE OF CENTERBODY 
VORTEX GENERATORS I N  A N  
AXISYMMETRIC MIXED-COMPRESSION INLET 
AT MACH NUMBERS FROM 2.0 TO 3.0  f 

I. ! 
,..:*a c'* i i. 

d 

*$

$? , ~ 

by Glenn A. Mitchell and Ronuld W. Davis 7 :&f, 
-3- * ~ $ &  t 

%E*-
Lewis Reseurch Center %: 

- 5  
:3 -

CleveZund, Ohio 

N A T I O N A L  AERONAUTICS A N D  SPACE A D M I N I S T R A T I O N  W A S H I N G T O N ,  D. C. JULY 1968 



TECH LIBRARY KAFB. NM 

Illllll11111lHlllllllllllllllUlllllilllllll 

0333092 

NASA TN D-4675 

PERFORMANCE OF CENTERBODY VORTEX GENERATORS IN AN 

AXISYMMETRIC MIXED- COMPRESSION INLET AT 

MACH NUMBERS FROM 2.0 to  3.0 

By Glenn A. Mitchell and Ronald W. Davis 


Lewis R.esearch Center 

Cleveland, Ohio 


NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

For sale by the Clearinghouse f o r  Federal Scientif ic  and Technical  Information 
Springfield, Virginia 22151 - CFSTI price $3.00 



ABSTRACT 

Three vortex-generator configurations were installed aft of the inlet throat on the 
centerbody of a Mach 3 . 0  mixed-compression inlet. The three were about equal in im­
proving diffuser pressure recovery and all produced significant, although unequal, reduc­
tions in distortion. Only the most densely spaced configuration generated vortices that 
dissipated before reaching the compressor face. Vortex generators effectively energized 
the normally retarded flow adjacent to the centerbody even during supercritical operation 
where they were immersed in supersonic flow. Generators were also effective at  inlet 
angles of attack to a t  least 5'. 
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MACH NUMBERS FROM 2.0 TO 3.0 

by Glenn A. M i t che l l  and Ronald W. Davis 

Lewis Research Center 

SUMMARY 

Vortex generators were installed immediately downstream of the throat on the cen­
terbody of a Mach 3 .0 ,  axisymmetr ic ,  mixed-compression inlet. The ability of three 
different vortex-generator configurations to increase diffuser pressure  recovery,  reduce 
distortion, and inject high-energy air into the normally retarded flow region adjacent to 
the centerbody was evaluated at Mach numbers from 2.0 to 3.0. 

The three vortex-generator configurations were about equal in improving diffuser 
p re s su re  recovery.  A l l  generator configurations produced significant, although unequal, 
reductions in distortion. Only the most  densely spaced configuration generated vortices 
that dissipated before reaching the compressor  face.  Vortex generators  were effective 
in energizing the retarded flow region, even during supercrit ical  operating conditions 
where they were immersed  in supersonic flow. Generators were also effective at inlet 
angles of attack to at least  5'. 

INTRODUCTION 

Inlets of short  length with a high rate of subsonic diffusion are generally afflicted 
with relatively large values of total  p ressure  distortion at the engine face.  Boundary-
layer  bleed can be used to reduce distortion (ref.  1) but not without added ducting weight 
and bleed drag  penalties. Vortex generators  are  a n  alternate boundary-layer control de­
vice without such penalties. The ability of vortex generators to mix high-energy air into 
the low-energy boundary layer  has been reported in references 2 to 5. Increased diffu­
ser performance result ing from the u s e  of vortex generators was reported in references 
5 to 9 .  The present investigation was conducted to determine the effectiveness of severa l  



vortex-generator configurations installed on the centerbody of a Mach 3 . 0 ,  axisymmetric,  
mixed-compression inlet. The vortex-generator performance was investigated in the 
Lewis 10- by 10-foot supersonic wind tunnel at Mach numbers from 2 .0  to 3.0 and at 
angles of attack to 5'. The effect of various internal flow fields produced by inlet super-
cr i t ical  operation and off-design spike position were  investigated at the design Mach num­
b e r .  

SYMBOLS 

A a r e a ,  sq cm 


AZ projected inlet a r ea ,  1660.4 sq cm 


A3 diffuser-exit area, 890.4 sq cm 


D diameter,  cm 


h vortex-generator height, 0.89 cm 


L length, cm 


M Mach number 


P total p ressure ,  N/m 2 


P static pressure ,  N/m 2 


r radius,  cm 


S spacing between se t s  of divergent vortex-generator pa i r s ,  cm 


S spacing between airfoi ls  of a converging o r  diverging vortex-generator pair ,  cm 


X l inear distance, cm 


Ax spike translation from design position, positive when spike i s  extended, cm 


Subscript s: 


con converging vortex generators 


c r i t  cri t ical  conditions 


d subsonic diffuser 


div diverging vortex generators 


i inner third of diffuser flow a rea  a t  compressor  face station 


L cowl lip station 


max maximum 
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min minimum 

X conditions at x-distance 

0 free-s t ream station 

3 diffuser exit station 

Superscript: 

- average 

APPARATUS AND PROCEDURE 

Inlet Model 

The inlet (fig. 1) was designed to have a l-percent total p re s su re  loss  through the 
initial shock at the design Mach number of 3 .0 .  Isentropic focused compression reduced 
the Mach number to an average of 2.37 at the cowl lip station (fig. 2). The internal cowl 
surface then turned the flow back toward the model centerline in two s teps  of approxi­
mately 12' each. The result ing oblique shocks were focused on the model centerbody 
which was turned at the focal point to align the surface with the flow direction and prevent 
shock reflection. A centerbody bleed slot  was located just  forward of the shock location 
to remove the spike boundary layer .  The supersonic diffusion reduced the Mach number 
to an average of 1 .45 at the inlet throat.  The initial par t  of the subsonic diffuser was 
provided with two hydraulic diameters  of essentially constant area and was followed by a n  
equivalent 12' conical area expansion to the simulated compressor  face approximately 
1 . 5  inlet diameters from the cowl lip. 

The inlet had a translating spike which retracted to position the cone shock on the 
cowl lip at the inlet design Mach number of 3.0 and extended to reduce the contraction 
rat io  to that necessary to start the inlet o r  for  operation at lower Mach numbers.  Fig­
u r e  3 presents  the diffuser internal area variations for  spike positions (Ax/DL) of 
0, 0.064, and 0.138 which correspond to the highest contraction rat ios  allowing inlet op­
eration at Mach numbers of 3 .0 ,  2. 5, and 2.0, respectively. Additional design details  
of this inlet can be found in reference 1. 

Instrumentation 

Total p re s su re  recovery and distortion were measureG -y six radial rakes  located at 
the simulated compressor  face. A schematic diagram of the compressor  face station 
(fig. 4) shows that the duct was divided into two halves by vertical  s t ru t s  which were  
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necessary in order  to discharge the centerbody bleed flow overboard. The circumferen­
tial positions of the r akes  were not adjusted f o r  these s t ru t s  but were equally spaced at 
intervals of 60' around the duct. Each of the rakes  contained six area-weighted total 
p re s su re  probes, and a simple average of all probes was used to obtain total p ressure  
recovery.  Static p re s su re  levels at the rake station were recorded by four equally 
spaced taps around the duct outer wall. Internal duct p re s su re  distributions were ob­
tained from a longitudinal row of internal cowl static p re s su re  taps .  

Vortex Generators 

The c r o s s  section of each vortex generator was one-half of an NACA 0012 airfoil  as 
shown in figure 5. An aspect ratio of 0 .5  was selected from experimental data of refer­
ence 5. The height or span of the airfoil  was 0.89 centimeter or  about one-fourth of the 
inlet throat height. The chord w a s  1.78 centimeters.  The leading edge of the airfoil was 
blunted as shown in figure 5 with a circle  of radius of 0.018 centimeter.  

The generators were installed on the model centerbody aft of the inlet throat.  A pho­
tograph of the installed generators is shown in figure 6. Generators were not installed 
on the cowl side of the duct because previously unpublished data on this inlet had revealed 
that most of the low-energy flow w a s  near the centerbody. Allowing for the total frontal 
a r e a  blockage of all the installed generators,  the minimum flow a r e a  at the selected 
generator location was 2 percent grea te r  than the throat area. The small  area decrement 
of the generators is il lustrated in figure 3 .  

Three different configurations of vortex generators were tested. These are illus­
t ra ted in the photographs of figure 7 and sketched in figure 8. A l l  of the spacings shown 
in figure 8 were measured from the generator mid chord. For  each configuration, the 
generators were arranged in diverging pa i rs  with each generator se t  at 16' angle of at­
tack and the flat surface facing upstream. The initial vortex-generator configuration 
(configuration 1) was an  equally spaced, counter-rotating system having 18 pa i rs  of air­
foils with a spacing to height ratio s/h of 3.5,  The counter-rotating vortices thus pro­
duced a r e  indicated by the a r rows  in figure 6.  The design of configuration 1was gener­
ally consistent with the design of the best-performing, counter -rotating generator de­
signs reported in references 2 to 9. 

Theoretical considerations (refs. 10 and 11) have indicated that increasing the spac­
ing between s e t s  of divergent generator pa i r s  (S in fig. 8) relative to the spacing between 
individual airfoils of a divergent pa i r  (Sdiv in fig. 8) would resul t  in a strong induced 
velocity of the vortices toward the surface,  presuming the ratio S/h is kept constant. 
This  increase in vortex effectiveness would also be accompanied by a delay in the move­
ment of the vortex away from the surface thereby increasing the downstream distance o r  
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range of effectiveness. The rat io  s/sdiv, which was equal to two fo r  configuration 1, 
was therefore increased to  three  for  configuration 2 (see fig. 8). The spacing of the indi­
vidual airfoils of a divergent pair  Sdiv/h was maintained at a value of 3. 5.  The spacing 
of airfoils of a convergent pa i r  scon/h was increased to seven. This  arrangement a lso 
increased S/h which alone would tend to reduce the velocity component toward the sur­
face but would also tend to increase the range of effectiveness. By combining the effects 
of the changes in s/sdiv and S/h, configuration 2 would theoretically have increased 
effectiveness and also an  increased range over configuration 1. Tending to counter these 
trends,  however, was the fact that these changes reduced from 18 to  12 the total number 
of generator pa i r s  which could be placed on the inlet centerbody. 

Configuration 3 was a n  equally spaced, counter-rotating system with only nine pa i r s  
of generators,  o r  half the amount of configuration 1. The rat io  S/sdiv was again two, 
but sdiv/h and S/h were  both double that of configuration 1. Theoretically, configura­
tion 3 would tend to produce a smal le r  velocity component toward the surface than con­
figuration 1 (reducing the effectiveness) but would have a longer range of effectiveness. 

Because of the nonuniformity of the flow field aft of a vortex-generator system, the 
orientation of the total p ressure  rakes  relative to the vortex generators  could affect in­
terpretation of the data if  the vortex patterns pers is ted back to the rake  station. The 
various vortex-generator configurations were positioned such that the generator -to-rake 
orientation was not consistent f rom configuration to configuration (see fig. 8).  For  con­
figuration 1, the radial  rakes  were located directly aft of converging generator pairs .  
The rakes  were aft of diverging generator pa i r s  for configuration 2. In configuration 3 ,  
the rakes  alternated between positions aft of converging and diverging pairs .  To help 
determine the effect of orientation, a limited amount of data was obtained with configura­
tion 1 indexed such that the r akes  were  positioned aft of diverging rather  than converging 
pa i r s  of generators.  This  is designated configuration 1A.  

The investigation was conducted in the Lewis 10- by 10-foot supersonic wind tunnel 
over a Mach number range from 2.0 to 3.0 and at angles of attack to 5'. In addition, the 
effects of inlet supercrit ical  operation and off-design spike position on vortex-generator 
performance were investigated at the inlet-design Mach number. Reynolds number was 
3 . 7 5  million, based on the inlet diameter.  

RESULTS AND DISCUSSION 

Cr i t i ca l  Performance 

The inlet cr i t ical  performance over  the Mach number range is summarized in fig­
u r e  9 for  various angles of attack. A s  indicated by the compressor  face static p res su res  
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presented in  figure 9, all of the vortex-generator configurations obtained considerable 
improvement in diffuser efficiency relative to the clean configuration without generators.  
Static p re s su res  were  improved as much as 7 percent by the u s e  of generators although 
the average improvement was around 3 percent. Differences between the static p res su re  
levels obtained with the various vortex-generator configurations were generally small  
(around 1percent) and var ied with test conditions. Configuration 2 obtained the highest 
static p res su re  levels at 0' angle of attack (fig. 9(a)). Configuration 1appeared best  at 
2' angle of attack at the higher test Mach numbers (fig. 9(b)). There  was no significant 
difference in static p re s su res  among the generator configurations a t  5' angle of attack 
(fig. 9(c)). 

The total p re s su re  recovery was also increased about 2 percent by vortex generators.  
The  similari ty in t rends of.the total p ressure  curves  of figure 9 to the corresponding 
static pressure  curves  suggests that the total p re s su res  were also indicating an  increase 
in  diffuser performance ra ther  than an  effect of rake  orientation in  a nonuniform flow 
field. In many instances,  smal l  differences in the static p res su re  levels of the various 
generator configurations were also apparent in the total p re s su re  measurements.  For 
example, at 0' angle of attack (fig. 9(a)), where the static p res su res  were highest for  
configuration 2, the total p re s su res  were also highest. Similarly,  at 2' angle of attack 
at the higher Mach numbers,  the highest static and total p re s su res  were obtained by con­
figuration 1. 

Although an  average of the area-weighted compressor  face total p re s su res  is an  ac­
ceptable method of obtaining diffuser pressure  recovery,  a t rue  mass-weighted average 
is not obtained under conditions of considerable distortion. Therefore ,  the m a s s  flow 
control plug settings used fo r  each configuration were examined for  confirmation of the 
increased p res su re  recovery indicated by the total p re s su re  rakes .  With the inlet at 
cr i t ical  conditions, a decrease in the choked area at the plug, as reflected simply by plug 
position, would indicate increased total p ressure  recovery.  (Crit ical  is defined as the 
operating point with the terminal shock at the inlet throat and was easily found with this  
inlet as the last operating point preceding unstart  .) Data was compiled in this manner at 
0' angle of attack and confirmed the higher rake total p re s su re  recovery with vortex 
generators  in the inlet. However, the plug settings indicated a total p ressure  recovery 
increase of only 1percent was obtained with vortex generators .  The plug data agreed 
with the pressure  data in indicating that configuration 2 obtained the best  diffusion at 0'. 

The parameter  "inner-duct relative recovery" is presented in figure 9 and is de­
fined as the p re s su re  recovery of the inner one-third of the compressor  face referenced 
to the complete duct average pressure  recovery; o r  ( P i  - P3)/P0. This parameter  was 
adopted to directly measure  the effectiveness of the various vortex-generator configura­
tions in obtaining high-energy flow in the normally low-recovery region near the center-
body wall. Negative values of inner-duct relative recovery would indicate p re s su res  near 
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the inner wall to be below the average; and values near -0 .10  would indicate separated 
flow near  the duct hub. Conversely, positive values would indicate higher recovery near  
the hub than in the rest of the duct. A s  indicated by the inner-duct relative recoveries  in  
figure 9,  the low-energy air near  the inner-duct wall was replaced with much higher 
energy air by all of the vortex-generator configurations. The inner-duct recovery was 
improved as much as 0 .10  by the generators.  Differences among the generator configu­
rations in  energizing the low-recovery region were small .  Inner-duct recoveries  varied 
less than 0.02.  Within this range, however, configuration 1 was generally the most  ef­
fective. 

The inlet compressor-face distortion levels obtained for  the various configurations 
were quite different. The clean configuration had quite high distortion levels (fig. 9). 
Distortions were 21 to 26 percent at 0' angle of attack over the Mach number range 
(fig. 9(a)). These levels were reduced by the use  of vortex generators.  Configuration 1 
obtained the lowest distortions which were 10 to 14 percent. Distortion levels for  con­
figurations 2 and 3 were significantly higher than the values achieved with configuration 1. 
These configurations were evidently unable to achieve radial  p ressure  profiles as flat as 
those of configuration 1.  Subsequent data will show that this was a resul t  of vortices per ­
sist ing to the compressor  face for  only configurations 2 and 3.  These configurations were 
designed to have a greater  range of effectiveness. Because of these wake patterns a t  the 
compressor  face and the limited number of total p ressure  takes,  i t  is possible that higher 
distortions existed for configurations 2 and 3 than those recorded. Thus,  the superiority 
of configuration 1 over the other configurations in reducing distortion was at least as 
great and possibly somewhat greater  than indicated in figure 9(a). This  superiority dis­
appeared as the model angle of attack was increased to 5' (fig. 9(c)). In fact ,  at 5' the 
data indicated configuration 1 to be the least desirable configuration; but lack of knowl­
edge as  to the upper limit of distortion for  configurations 2 and 3 makes a meaningful 
comparison difficult. 

Vortex-Generator Performance 

The compressor  face rake  profiles of f igures  10 and 11 i l lustrate the ability of the 
vortex-generator configurations to energize the retarded flow region for  varying degrees  
of supercr i t ical  operation. In figure 10, the spike is at its design position; and in fig­
u r e  11, it is extended. The supercr i t ical  values quoted in f igures  10 and 11 were defined 
as the drop in total p re s su re  recovery f rom the cri t ical  value computed as a percentage 
of the cr i t ical  value. I t  is again apparent that the low-recovery, near  separated air, 
normally near  the centerbody without generators,  was replaced with higher energy air by 
generator mixing of higher recovery air into the boundary layer  thereby preventing for­
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mation of the re ta rded  flow region. The improvement in p re s su re  recovery near  the duct 
centerbody was achieved at the expense of the recovery near  the outer duct wall. The 
maximum recovery without generators  occurred at about the second p res su re  probe from 
the outer wall. This  peak was lowered by vortex-generator action. Thus,  the generators 
appeared to promote mixing over  the ent i re  s t r eam.  A t  critical design conditions (fig. 
lO(a)), the peak value was decreased and the radial  rake profiles became flatter.  A t  
supercr i t ical  conditions (figs. 1O(d) and l l (d)) ,  the ent i re  profiles were switched from 
low hub p res su re  to high hub p res su re  profiles. 

The ability of the vortex generators to energize the centerbody region was dependent 
on the particular flow field at the generator station. A t  cr i t ical  design conditions, the 
generators were  operating downstream of the inlet normal shock. Because this shock had 
a theoretical static p res su re  rise rat io  sufficient to induce flow separation (ref. 12), the 
generators were probably operating in a near-separated flow s imi la r  to that shown by the 
rake  total p re s su re  profiles of the clean configuration. A s  i l lustrated in figure lO(a) by 
the increase in p re s su res  near  the centerbody, the generators  could perform well in this 
environment . 

A more  severe  flow environment was at cr i t ical  operation with an  extended spike po­
sition, which caused the shocks f rom the cowl to fall aft of the centerbody turn.  A s  fig­
u r e  ll(a) shows, the recovery near the duct hub without vortex generators  was much 
lower a t  the off-design position than at design (fig. lO(a)). Despite this,  the use  of gener­
a to r s  still improved the recovery near the inner-duct wall although somewhat less than a t  
design. Still lower recoveries  near  the centerbody were obtained with the inlet a t  cri t ical  
conditions and 5' angle of attack as illustrated in figure 12. Without generators,  the low­
est recoveries  at 5' were  near  the inner-duct wall in the lower half of the duct. Vortex 
generators improved recoveries  in this region but simultaneously reduced the recovery 
near the top of the duct. The generators were thus apparently capable of some circum­
ferential  flow redistribution from top to bottom as a consequence of their  ability to pre­
vent flow separation. 

At the more  supercr i t ical  inlet operating conditions, the vortex generators were si tu­
ated forward of the normal shock. From inlet longitudinal s ta t ic  p re s su re  distributions 
such as those of figure 13, it was estimated that the terminal shock t ra in  passed aft of the 
vortex-generator station at about the f i r s t  supercrit ical  point (figs. 1O(b) and l l (b) ) .  A s  
the inlet was operated at further supercrit ical  conditions the vortex generators were 
immersed  in a supersonic flow field at about Mach 1.45 and appeared to operate effec­
tively in this environment. They prevented flow separation on the centerbody at terminal 
shock strengths that caused flow separation on the cowl (see f igs .  1O(d) and l l (d ) ) .  A t  
supercrit ical  operation, the vortex generators were operating ahead of the incipient sepa­
ration point associated with the terminal shock, presumably in  a region of thin boundary 
layer .  Reference 5 noted that optimum-vortex-generator performance in subsonic flow 
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was realized only if the generators  were placed far enough upstream of the point of incip­
ient flow separation. Super critical inlet operation, although placing the generators  in a 
supersonic flow field, satisfied these requirements better than did critical inlet opera­
tion. 

Vortex Dissipation 

The vortices produced by vortex generators have been experimentally observed to 
dissipate. This  dissipation is a n  important factor  in applying them to diffusers because 
of conflicting requirements:  the vortices should pers i s t  for  a sufficient distance to pro­
vide uniform diffuser discharge profiles; but if they pe r s i s  too strongly at the compres­
sor  face, they may cause excessive flow turbulence and induce compressor  stall. Refer­
ence 5 t raced vortices aft of an  equally spaced, counter-rotating system of vortex gener­
a to r s  and determined a downstream location at which the vortices were greatly dissipa­
ted. The vortex dissipation or wake disappearance seems to be related to the theoretical 
lift-off of the vortices f rom the surface.  The vortices resulting from counter-rotating 
systems of vortex generators can be considered in pa i r s .  A f t  of diverging generator 
pa i r s ,  the vortices induce high-energy air toward the surface.  These vortices tend to 
repel each other. Af t  of converging generator pa i r s ,  the vortices induce low-energy air 
from the surface outward into the main s t ream.  These vortex pa i r s  a t t ract  each other.  
The lift-off of the vortices occurs  at a downstream station where the vortices inducing 
flow away from the surface approach each other very closely. Theoretically, this rein­
forcement of the flow from the surface also t ransports  the vortices away from the surface 
(ref.  10). Reference 5 observed that the vortices were greatly dissipated at this station. 

In t e r m s  of the generator spacing parameter  of the cur ren t  tes t ,  the vortices of ref­
erence 5 dissipated eight pair  spacings S downstream of the generators .  Using the 
spacing S of configuration 1 (fig. 8), the compressor  face rakes were computed to be 
10.3 S aft of the generators.  Thus,  data f rom the rakes  would not be expected to show 
evidence of vortices.  Discrete vortex patterns could be expected for  configurations 2 
and 3, however, as the rake  station f o r  these configurations were  only 6 . 8  S and 5.1 S, 
respectively, from the generators.  These expectations were consistent with the theo­
ret ical  trends in range of effectiveness of each configuration as discussed earlier. 

Configurations 1 and 1A were compared for  possible evidence of discrete  vort ices  
(fig. 14). With configuration 1, the compressor  face rakes were directly aft of converg­
ing pa i r s  of vortex generators.  Conversely, the rakes were aft of diverging generator 
pa i r s  when configuration 1A was used.  If vortices existed at the rake  station, the diverg­
ing pa i r s  of configuration 1A would produce a higher p re s su re  recovery aft of the genera­
t o r s  than the lower recovery expected with the converging pa i r s  of configuration l. The 
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r ake  profiles for  both configurations (fig. 14) were  quite s imi la r  indicating little evidence 
of strong vortex action. Some remnant of vortex action may have occurred at cr i t ical  
(fig. 14(a)) as evidenced by the slightly higher p re s su re  of configuration 1A over configu­
ration 1near  the duct center.  However, no consistent p re s su re  differences existed at 
supercr i t ical  conditions (fig. 14(b)). The configurations 1and 1A were  also compared at 
cr i t ical  conditions over the Mach number range (fig. 15). No significant difference in 
p re s su re  recovery,  inner-duct relative recovery,  o r  distortion was found. The absence 
of differences between configurations 1 and 1A thus demonstrated a lack of discrete  vor­
tices as anticipated from reference 5. 

Evidence of discrete  vortices was found in the case  of configuration 3 .  A s  was shown 
in figure 8 for configuration 3 ,  the compressor  face rakes  with circumferential  locations 
of 30°, 150°, and 270' were located aft of converging generator pa i r s .  Alternately, the 
rakes  at 90°, 210°, and 330' were located aft of diverging pa i r s .  Each of these sets of 
rakes produced different profiles as would be expected for  discrete  vortices.  The rakes  
at 90°, 210°, and 330' (aft of diverging pairs) recorded higher total p re s su re  recoveries  
about one-third of the way from the inner-duct wall than the alternate se t  of rakes .  This  
can be seen by a n  examination of the second total p re s su re  probe from the inner wall in 
figures 10 and 11 which revealed an  alternating p res su re  fluctuation from rake  to rake 
around the duct. Where p re s su res  near the inner-duct wall were very low a t  cr i t ical  
conditions (fig. l l (a ) ) ,  little rake-to-rake variation was found. A t  the more  supercrit ical  
conditions (notably figs.  l l(c) and (d)), the change in profile f rom rake to rake  was very 
evident. 

Direct evidence of the expected vortex patterns for configuration 2 was not discern­
ible in the rake data because each radial  rake was aft of a s imi la r  (diverging) pair  of 
generators.  Therefore ,  each rake  would be expected to show a generally s imi la r  pattern 
except for  some asymmetr ical  effects caused by the ver t ical  s t ru t s  shown in figure 4. 
Due to their  orientation, the rakes  aft of configuration 2 should experience higher p re s ­
s u r e  recoveries  than rakes  aft of a configuration without discernible vortices.  A com­
parison of the p re s su res  of configurations 1 and 2 near  the duct center (fig. 10) seem to 
support this expectation, but the corresponding p res su res  of figure 11 do not. Evidently, 
effects due to configuration differences mask the effects of orientation. Further  indica­
tion of increased p res su re  recovery with configuration 2 can be seen in figure 9.  The 
total p ressures  obtained for  configuration 2 were  generally somewhat higher than was ex­
pected by a comparison to the s ta t ic  pressure  levels of the vortex-generator configura­
tions. This was especially evident at Mach number 2 .0  and a t  5' angle of attack (fig. 
9(c)). The total p re s su res  of configuration 2 were higher than those of configurations 1 
and 3,  whereas the static p re s su res  were not. 

Thus,  configuration 3, and probably configuration 2, have active vortices persist ing 
to a fa r ther  aft location than configuration 1. This  is in general  agreement with theoreti­
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ca l  expectations and the experimental resul ts  of reference 5. In the limited range inves­
tigated, the dissipation of vortices pr ior  to the rake station, as in the case  of configura­
tion 1,  did not deteriorate the generator performance. 

SUMMARY OF RESULTS 

Vortex generators were installed aft of the throat on the centerbody of a Mach 3.0, 
mixed-compression, axisymmetric inlet. The performances of three configurations of 
generators were investigated at Mach numbers f rom 2.0 to 3.0. Configuration 1consis­
ted of 18 pai rs  of equally spaced, counter-rotating vortex generators. Configuration 2 
was formed from 12 pa i r s  of generators by increasing the spacing between converging 
pa i r s  by a factor of 2. Configuration 3 consisted of nine pa i r s  of equally spaced genera­
t o r s  having twice the spacing of configuration l. The following resu l t s  were obtained: 

1. A l l  three generator configurations improved the diffuser performance about 
equally as shown by increased total and static pressures  at the diffuser exit. 

2. Distortion was reduced by all vortex-generator configurations, with configura­
tion 1 having the lowest distortion at 0' angle of attack. 

3. The effectiveness of the vortex-generator configurations in reducing distortion 
and increasing diffuser performance was undiminished at angles of attack to 5'. 

4. A l l  configurations were equally capable of energizing the normally retarded flow 
region near  the centerbody. 

5. With the inlet operating at supercrit ical  conditions, the vortex generators were 
forward of the normal shock in supersonic flow where they continued to function properly. 

6. Evidence of discrete  vortices persist ing aft from the generators to the compressor 
face was observed for configurations 2 and 3 only, in agreement with theoretical and ex­
perimental expectations. 

7.  Configuration 1performed as well a s  the other configurations and successfully 
dissipated the discrete  vortex s t ruc tures  at the compressor  face.  

Lewis Research Center,  
National Aeronautics and Space Administration, 

Cleveland, Ohio, April  15, 1968, 
720-03-01-62-22. 
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Figure 1. -Mach 3.0 mixed compression inlet. 
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Figure2. - Design of axisymmetric, mixed compression, Mach 3.0 inlet. 
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Figure 3. -Var ia t ion of dif fuser in ternal  area ra t io  fo r  various spike positions. Sub­
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Figure 4. - Simulated compressor face station. 
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Figure 5. -Vortex generator detail. 

Figure 6. -Vortex generator installation on model centerbody. 
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(c) Configuration 3. 

Figure 7. - installation of vortex generator configurations. 
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Figure 8. -Vortexgenerator configurations. 


17 




L 

---------- 

---------- 
a, 

m 

Configuration 

1.0 +- . 8  
a, _ - __c-­

1 .7--
I 

. 8  

.8 .8 . 8  

.-U 

cmLo 

. 7  . 7  

.6 .6 

V 
. 5  

.--> .1 .1 .1 
c 

I - - - - t - - ­

- x
E s n W  

0 0 

-c -. 1 -.1 

. 4  

. 3  . 3  

. 2  . 2  

2.0 2. 2 2.4 2.6 2.8 3.0 2.0 2.2 2.4 2.6 2.8 3.0 2.0 2.2 2.4 2.6 2.8 3.0 
Free-stream Mach number, Mo 

(a) Angle of attack, 0. (b) Angle of attack, 2". (c) Angle of attack, 5". 
Figure 9. -Effect of vortex generators on cr i t ical  performance 
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Figure 10. -Effect of vortex generators on  compressor face rake profiles a t  design conditions. 
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Figure 10. - Continued. 
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Figure 11. - Effect of vortex generators on compressor face rake profi les w i th  spike extended. Spike t ranslat ion ratio, 0. MI; 
Mach number, 2.99; angle of attack, Oo. 
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Figure 12. -Effect of vortex generators on compressor face rake profiles. Mach number, 2.99; angle of attack, 5"; spike 
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Figure 13. - In ternal  cowl pressure distr ibutions at design spike posi­
t ion.  Mach number 2.99. 
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